Insects have potential as a novel source of protein in feed and food production in Europe, provided they can be used safely. To date, limited information is available on the safety of insects, and toxic elements are one of the potential hazards of concern. Therefore, we aimed to investigate the potential accumulation of cadmium, lead and arsenic in larvae of two insect species, Tenebrio molitor (yellow mealworm) and Hermetia illucens (black soldier fly), which seem to hold potential as a source of food or feed. An experiment was designed with 14 treatments, each in triplicate, per insect species. Twelve treatments used feed that was spiked with cadmium, lead or arsenic at 0.5, 1 and 2 times the respective maximum allowable levels (ML) in complete feed, as established by the European Commission (EC). Two of the 14 treatments consisted of controls, using non-spiked feed. All insects per container (replicate) were harvested when the first larva in that container had completed its larval stage. Development time, survival rates and fresh weights were similar over all treatments, except for development time and total live weight of the half of the maximum limit treatment for cadmium of the black soldier fly. Bioaccumulation (bioaccumulation factor > 1) was seen in all treatments (including two controls) for lead and cadmium in black soldier fly larvae, and for the three arsenic treatments in the yellow mealworm larvae. In the three cadmium treatments, concentrations of cadmium in black soldier fly larvae are higher than the current EC maximum limit for feed materials. The same was seen for the 1.0 and 2.0 ML treatments of arsenic in the yellow mealworm larvae. From this study, it can be concluded that if insects are used as feed materials, the maximum limits of these elements in complete feed should be revised per insect species.
Introduction
Given the increasing global human population and the increasing consumer demand for (animal derived) proteins, additional (novel) sources of protein, such as insects, are being considered. In Europe, certain insect species are considered for partly replacing conventional sources of animal protein in the food and feed industry. A main advantage of insects over conventional production animals is that they have a high feed conversion efficiency [1] . Furthermore, their feed can be composed of industrial by-products [2] [3] [4] . For these reasons, the production of certain insects is more sustainable than conventional sources of protein, considering land use, water use and greenhouse gas emissions [5] [6] [7] [8] . Certain insect species, such as the larvae of yellow mealworms (YMW) and black soldier flies (BSF) are a source of high quality protein, as well as certain vitamins and minerals [9] [10] [11] . Hence, these insect species are expected to become established as a feed and/or food source on the European market in the future. However, before insects can be used as a (mainstream) source of proteins in Europe, the safety of their use in feed and/or food should be proven. At this moment little information is available on the microbiological and chemical safety of reared insects. Scientific reviews on the safety of using insects for feed and food indicate that accumulation of toxic elements is one of the potential hazards associated with insect production [12] [13] [14] . Larvae of four fly species, sourced from producers worldwide, were analysed for the presence of 48 heavy metals and trace elements [15] . Cadmium and arsenic were found to be present-above the limit of detection of the analytical method used-in all samples. In all samples from Musca domestica, the cadmium concentration was above the EC maximum limit (ML) for this element in complete animal feed, as specified in 2002/32/EC (EC, 2002) . However, the heavy metal and trace element concentrations in the larval feed were not provided. Therefore it was not possible to determine to which extend cadmium and arsenic, and possibly other elements, were accumulated in the larvae. Diener, Zurbrügg [16] investigated the bioaccumulation of cadmium, lead and zinc in BSF, at three different concentrations of these heavy metals. They confirmed that cadmium accumulated in BSF larvae, whereas zinc and lead were excreted. Several studies investigated the potential accumulation of arsenic in insects and indicated that in certain species accumulation occurs [17] .
Based on safety assessments of production animals and pets, ML for the presence of several heavy metals and arsenic in feed materials have been established by the European Commission (EC) (2002/32/EC). Because the metabolism of insects may differ from conventional production animals, these ML may not be appropriate for insects. In the study of Diener, Zurbrügg [16] , the cadmium concentrations in the feed provided to the larvae were 4, 20 and 100 times the EC maximum limit in complete feed, and 1, 5 and 50 times the EC maximum limit for lead in feed. Although in certain geographical locations these concentrations could occur in feed ingredients, they seem high compared to what would be expected in feed for insects available on the European market. Therefore, the aim of this study was to investigate the accumulation of cadmium, lead and arsenic provided to larvae of the yellow mealworm (Tenebrio molitor) and the black soldier fly (Hermetia illucens), using feed contaminated at the level of the respective EC maximum limit for complete feed of the particular element, as well as at half and double this limit. The species were chosen because they have been identified as two of the most interesting species for largescale production of feed materials [18] . Hence, we investigated whether the current EC maximum limits in complete feed are suitable for these two insect species.
Materials and Methods Insects
Yellow mealworm (YMW) larvae (Tenebrio molitor; Coleoptera: Tenebrionidae) were provided by Kreca V.O.F (Ermelo, The Netherlands). Black soldier fly (BSF) eggs (Hermetia illucens; Diptera: Stratiomyidae) were collected from colonies maintained at the Laboratory of Entomology, Wageningen University and Research (Wageningen, The Netherlands).
Feed spiking
Complete feeds were obtained for both species. For the BSF, chicken feed (Opfokmeel farmfood; Agruniek Rijnvallei Voer B.V., Wageningen, the Netherlands), which has been used for the BSF colony for over six years, was used. For the YMW, a grain mixture for large scale production by Van de Ven Insectenkwekerij (Deurne, The Netherlands) was used. Prior to spiking, the original feed was chemically analysed for the presence of the three elements considered. Spiking was then performed to reach the desired concentration of each element. 100 g of each feed was spiked individually with a 2% nitric acid (HNO 3 ) solution containing cadmium, lead or arsenic to concentrations as listed in Table 1 . The spiked feed was then thoroughly mixed.
After spiking, homogeneity tests were performed on the feed spiked at 1.0ML (EC maximum limit in complete feed), in order to verify that the feed was spiked homogenously. Ten samples of the spiked feed of each element were analysed according to the method described below.
In addition to the 9 different spiked feeds (3 elements x 3 concentrations), 2 control feeds were prepared. One control consisted of the original feed (control feed), and the other one consisted of the original feed treated with the diluted acid (2% nitric acid solution) (control acid feed).
Chemical analyses
Feed samples were pre-treated using acid digestion with a microwave oven (MARS express). For the microwave digestion, 0.8g of the sample was mixed with 10ml in concentrated nitric acid (nitric acid (HNO 3 ) 69% (m/m) bv. J.T. Baker 9601 "Intra Analysed") and heated in a microwave oven to a temperature of 210˚C. The digests were quantitatively transferred to 50 ml poly propylene (PP) tubes (Greiner Bio-One CENTRIFUGE TUBE 50 ml tube) and diluted with de-ionized water to a final volume of 50 ml. The determination of cadmium, lead and arsenic concentration was done using an Electrothermal atomic absorption spectrophotometer (ETAAS, Aanalyst 800, Perkin Elmer), equipped with a graphite furnace and suitable for element determinations in solid samples [19] . Cadmium, lead and arsenic were measured at wavelengths of 228.8; 283.3 and 193.7 nm respectively. To improve the analytical measurements a 0.1% Pd and 0.12% Mg(NO 3 ) 2 matrix modifier was used. The detection limit (LOD) for the these elements was 0.1 mg/kg.
Experimental set-up
In total 14 treatments were set up per insect species, each with three replicates. Two control treatments were used. The first control consisted of provision of the original feed (control feed). The second control treatment, named control acid feed, used the original feed treated with diluted acid, but without added elements. The second control was used in order to evaluate the effect of acid addition, used to spike the feed. For the arsenic, cadmium and lead treatments, feed was spiked to concentrations of ½, 1 and twice the EC maximum level (ML), as based on Directive 2002/32/EC (for complete feed with a moisture content of 12%; Table 1 ). In order to distinguish between elements retained in the feed in the insects' gut and elements transferred to insect tissue, an extra set of the 2.0 ML treatment was set up for each element. At the end of the experiment, these insects were provided with the original feed (control feed) for two days, allowing them to empty their guts from the contaminated feed. This treatments was called 2.0ML original feed. Thus, the total of 14 treatments included the nine treatments for the 3 elements each at 3 concentrations, three treatments for the 2.0 ML of each element followed by 2 days of control feed (2.0 ML original feed), and two treatments as controls (control feed, control acid feed). Black soldier fly. Each replicate comprised 100 BSF larvae (< 24 hours old) in a plastic container (17.8 x 11.4 x 6.5 cm). The lids were manually perforated to allow sufficient air flow. To each container, 18 g of feed, spiked to the appropriate level, was added. The added feed was mixed with 36ml water (water source).
Yellow mealworm. Each replicate comprised 50 YMW larvae (approx. 3 weeks old) in a plastic container (17.9 x 9.3 x 6.3 cm) with aeration slits on the sides allowing air flow. To each container, 8g of feed, spiked to the appropriate level, was added. Also, 0.3 to 0.5g of apple was added as a water source to each container and replaced 3 times per week, allowing ad libitum consumption. A total of four apples were used, which were obtained from a single batch and were analysed for the presence of the cadmium, lead and arsenic prior to their use.
Both species were placed in a climate chamber at 27˚C, with a relative humidity of 70% and a photoperiod of 12 hours. The climate chamber was illuminated with cool white fluorescent tubes (TLD18W840NG, Philips, Eindhoven, The Netherlands). Depending on the exact position in the tray this resulted in a light intensity in the plastic containers~7-14 μmol/m2/s (Luxmeter LX1010BS; Uzman Import-export GMBH, Bocholt, Germany). When the first specimen had completed its larval stage in a container, all insects were harvested in accordance with Oonincx et al. (2015) . For the 2.0ML original feed treatments, the insects were transferred to a new container, supplied with control diet for two days, and then harvested as above.
For both species, possible differences between the treatments in development time and survival rates of the insects were examined. The development time was defined as the number of days between the start of the experiment and the day the first prepupae were observed. Survival rate was defined as the number of live insect larvae at the end of the experiment divided by this number at the beginning of the experiment.
At harvest, insects were separated from the residual material, consisting of a mixture of excreta and feed. Both insects and the residual material were ground with a batch mill (Ika Labortechnik, Staufen, Germany) and frozen at -20˚C. These were subsequently freeze-dried and stored at -80˚C until further analyses.
Analyses of insects
After harvesting, the insects and the residual material were analysed for the respective element concentrations. The BSF were rinsed with tap water to remove surface contamination prior to further analysis. The insect samples were weighed (per container/replicate) and then freezedried and re-weighed to determine their dry matter content. Concentrations of the relevant element (cadmium, lead or arsenic) were determined at the Laboratory of RIKILT, Wageningen (The Netherlands) as previously described.
Data analysis
One way analysis of variance (ANOVA) was used to determine differences between the means of the experimental treatments (means of triplicates) for development time, survival rate, total live weight and dry matter of the larvae, with a significance value of 0.05, using the statistical software package IBM SPPS Statistics 23.
The bioaccumulation factor (BAF), adapted from Walker (1990), was calculated on a dry matter (DM) basis, as BAF = concentration in the organism (DM) /concentration in the feed provided (DM). Thus, a BAF greater than 1 implies bioaccumulation of the element from the substrate into the insect. Statistical differences between the BAF for the different treatments per element were also tested (p<0.05).
Results

Feed
Concentrations of Cd, Pb and As in the apples provided to the YMW larvae were below the LOD of the analytical method. Concentrations of Cd, Pb and As in the feed-prior to spikingwere 0.06 mg/kg Cd, 0.15 mg/kg Pb and <0.1 mg/kg As in the BSF feed, and 0.13 mg/kg Cd, <0.1 mg/kg Pb and <0.1 mg/kg As in the mealworm feed. Moisture contents were 14.1% and 11.1%, respectively.
Homogeneity tests showed that for both the BSF and YMW feed the elements were homogenously distributed in the respective 1ML feed batches. The feed materials that were spiked at 0.5ML and 2ML were assumed to be homogenous as well since they were prepared in the same way. Table 2 presents the results on the development time, survival, total live weight and dry matter (DM) content of the different treatments. For BSF, the development time was 12-14 days on most treatments, except for the Cd 0.5ML treatment which had a significant longer Table 2 . Survival, development time, total live weight and dry matter percentage for larvae of black soldier fly (Hermetia illucens) and yellow mealworm (Tenebrio molitor); data presented as mean ± SD; n = 3. Full data are presented in S1 Table. Animals were provided with either a control diet, a control diet containing a vehicle (acid) or a diet spiked with arsenic (As), lead (Pb) or cadmium (Cd) at the maximum level (ML), half the ML or twice the ML for complete feed with a moisture content of 12%, as defined in Directive 2002/32/EC (EC 2002) . No superscripts in common within a column indicates significant differences (ANOVA followed by Tukeys HSD posthoc test; P<0.05). development time (21 days). Larvae in this treatment also had a significant lower live weight (mean 4.2 +/-0.37g) compared to all other treatments, which ranged from 9.6-11.9g. These differences in development time and total live weight for the Cd 0.5ML treatment were significant different (p<0.05) with all other treatments. Survival rates of BSF were similar between all treatments, and averaged 83.7 to 97.3%, as was the DM content. For YMW, the development time was unaffected by treatment (p<0.05), with averages ranging from 45.0-47.7 days, as was the DM content (33.3-34.1%). The total live weight of the YMW larvae ranged from 2.0g (Cd 0.5 ML) to -4.7 (control). The average survival rate was 59%, ranging from 41.3% (Cd 0.5ML) to 80.7% (control). The survival rate was significantly lower for the Cd 0.5ML treatment, as compared to the control (p<0.05).
Development of insects
Black soldier fly
Element concentrations
Based on colour and structure differences between feed and excreta, the residual material after harvest primarily consisted of insect excreta, as opposed to feed left overs.
Concentrations of Pb and As in BSF residual material were higher than in the BSF larvae themselves, indicating that these two elements were not retained by this species (Fig 1A and  1B) . Provision of higher concentrations of these elements resulted in higher concentrations in both the BSF larvae and the residual material. Concentrations of Pb and As in the BSF in the 2.0ML original feed treatment were lower than in the corresponding 2.0ML treatment indicating that at least part of these elements found in the BSF larvae was due to the presence of these elements in their gut load. Conversely, concentrations of Cd in the BSF larvae were consistently higher than in the corresponding residual material, including the 2.0ML original feed treatment, suggesting that this element was incorporated in the BSF body (Fig 1C) .
For the YMW, As concentrations were lower in the residual material than in the larvae indicating that this species retains As (Fig 1D) . In the 2.0ML original feed treatment, the concentration of As in the residual material was below the LOD, whereas the concentration in the YMW was similar to those in the 2.0ML treatment, indicating that As was incorporated in the YMW body. The reverse is true for Pb and Cd (Fig 1E and 1F) . This is especially visible for Pb, where concentrations in the YMW residual material was up to sixty times the concentration found in in the corresponding YMW.
BSF larvae provided with the 2.0ML Pb and As treatment feeds had concentrations above or around the EC limit for feed materials for these two elements. However after being provided with original feed for two days, these concentrations were below the threshold (Fig 1A and  1B) . When BSF were provided with Cd contaminated feed at 0.5 ML, their concentrations were above the EC limit for feed material (Fig 1C) . With treatments at 1.0 and 2.0 ML this tendency was even more clear. Provision of an original substrate (2.0ML original feed) decreased the Cd concentration in the larvae by 30%. BSF development on the 0.5ML Cd treatment was prolonged and average body weight decreased, whereas this was not the case for the higher concentrations. These inconsistent results coincided with differences in colour, smell and texture of the residual material, indicating that other, unknown factors might have influenced these results.
YMW in the As 0.5ML treatment had concentrations below the EC limit, whereas in the 1.0ML and the 2.0ML concentrations were above this EC limit. Conversely, all Pb and Cd treatments resulted in concentrations in the larvae below the EC limit for feed materials. Table 3 presents the mean BAF and standard deviation, for both insect species. The BAF varied by insect and by element. For Pb, the BAF was not significantly different (p<0.05) between the treatments of each of BSF and YMW. It was larger than 1 for all BSF treatments-indicating bio-accumulation of this element from the feed into this species-and smaller than 1 for the three Pb treatments of YMW. For Cd, the BAF were significantly larger in the three Cd treatments as compared to the two controls of the YMW, but all were lower than 1. For the BSF, no differences were seen between the three Cd treatments and their controls, and in all cases, the BAF was larger than 1. For As, the BAF of the 2.0 ML treatment of YMW was significantly higher than the BAF of the two other As treatments of this species. The BAF of all three As treatments of YMW were greater than 1 whereas the BAF of the three As treatments of the BSF were smaller than 1.
Bioaccumulation factors
Discussion and Conclusion
The development time of insects depends on several factors, such as species, temperature, diet, and population density [20] [21] [22] . The development time and live weight of the BSF were similar to these parameters in the study by _Diener, Zurbrügg [23] . Also in that study, the larvae fed on chicken feed. Hence, the housing and feeding regimes employed in this study were appropriate for both the BSF and YMW. Acid addition did not affect development time or survival rates as compared to the control. Total live larval weights, development time and survival time did not differ between the 14 treatments of each of BSF and YMW, except for the development time and total live weight of the Cd 0.5ML treatment of the BSF. BSF development on this Cd treatment was prolonged and average body weight decreased, whereas this was not the case for the higher concentrations. These inconsistent results coincided with differences in colour, smell and texture of the residual material, indicating that other, unknown factors might have influenced these results.
Different accumulation patterns of As and the two heavy metals, Cd and Pb, were observed for the BSF and YMW. BSF showed highest accumulation of Cd, followed by Pb. In YMW, accumulation of As was highest, and low accumulation was seen for Pb.
Bioaccumulation was significantly different between the particular element and their control, only for the three Cd treatments and the 2.0ML As treatment of YMW. Element uptake does not seem to be strongly regulated in insects [24] . After uptake, the element can be bound to metallothioneins or sequestered in vesicles, which effectively inactivates these metals. In certain cases these are excreted by means of exocytose into the lumen of the digestive tract [24, 25] .
Cadmium accumulated in the BSF, such that in every treatment, the concentration in the larvae was higher than in the residual material, which concurs with the findings of _Diener, days with original (clean) feed. The EC concentration limits of arsenic, lead and cadmium in feed materials (-) and in complete feed (. . .) (Directive 2002/ 32/EC). Full data are presented in S1 Table. doi:10.1371/journal.pone.0166186.g001 Table 3 . Bioaccumulation factor (BAF) for BSF and YMW for five treatments calculated on a dry weight basis (n/a = not applicable due to concentrations below the limit of detection). No superscripts in common within a column indicates significant differences (ANOVA followed by Turkeys HSD posthoc text, with p <0.05). Zurbrügg [16] . This pattern of Cd accumulation was less apparent in the YMW. Previous studies have found large differences in the ability to excrete Cd between species. In a previous study on two species of Hymenoptera and three species of Lepidoptera, effective excretion of Cd was observed [26] , whereas in a species of Homopteran, Cd accumulated in the insect [27] . Migratory locusts (Orthopera) are able to keep stable Cd body concentrations for a short period, after which Cd is accumulated [28] . In Coleoptera, increased dietary Cd levels lead to increased Cd body concentrations [29] [30] [31] , as was observed in the YMW in this study (significant difference between Cd treatments and controls). In the YMW two pools of Cd exist; a small proportion penetrates the epithelium through Ca 2+ channels to reach other tissues [30, 32] , while most of the Cd is stored in the gut epithelium and bound by a cadmium-binding protein [33] . The cells of the midgut epithelium in this species have a four day lifespan, after which their contents, including the bound Cd, is released into the lumen of the gut and, subsequently, excreted in the faeces [30, 33] . However, the fraction of Cd that has penetrated the gut and is distributed amongst other organs is retained longer [30, 33] . This concurs with our results, as Cd did not bioaccumulate (BAF < 1) in the YMW, and after being provided with original feed, Cd was excreted.
In our study, Cd accumulated in the BSF (BAF > 1), and in fact, Cd accumulates within various Dipteran species [16, [34] [35] [36] [37] [38] [39] . Both in fruit flies and in marsh mosquitoes, high dietary Cd concentrations increased metallothionein levels, which effectively bind to the Cd resulting in an increased storage capacity [36, 39] . In most Diptera, this increased capacity does not lead to increased Cd excretion. However, there are natural strains of midges and fruit flies which have a duplication of the metallothionein gene that does increase excretion efficiency, and leads to a subsequent higher resistance to dietary Cd [25, 40] . Additionally, studies suggest that Cd can be transported by means of heat shock proteins, and that Cd is able to pass through Ca 2+ channels [32, 41] . Because larvae of the BSF have an exceptionally high Ca content compared to other insect species, they might accumulate Cd more strongly than other Dipterans [10] . Moreover, differences between Diptera and Coleoptera regarding Cd transport and storage probably explain the difference in Cd accumulation between the YMW and BSF, as reflected by their BAF (<0.7 versus >6, respectively). A study in which Cd contaminated material was provided to Dipteran larvae, which in turn were provided as feed to a predatory Coleopteran, reported Cd accumulation in the Dipteran, but lower Cd concentrations in the Coleopteran, further supporting the concept that Coleoptera can be classified as Cd deconcentrators and Diptera classified as Cd macroconcentrators [24, 38] . Lead concentrations in the BSF were similar to the concentration in the feed (BAF~1.2-1.4 for the three Pb treatments), but the BAF was in the same range in the controls. _Diener, Zurbrügg [16] reported higher Pb concentrations in the larval exuviae than in the larvae or their feed, indicating that Pb is sequestered in the exoskeleton of the BSF. In the YMW, the Pb concentration was far lower than in their feed (BAF~0.05). It appears that the storage site in YMW also differs from the BSF, because Pb concentrations in larval exuviae are lower than in the larval body [31] . In the burrowing mayfly, an aquatic Ephemeropteran, a large proportion of the Pb was found on the body surface and not in the gut, which might indicate poor absorption of Pb in that species [42] . In the Orthopteran Aiolopus thalassinus, Pb concentrations were four times higher in the wings than in the gut [43] . Whether this Pb was incorporated in the wings, or attached to the surface is not clear.
Arsenic was detected in the BSF larvae of the three As treatments, however, the majority of consumed arsenic was excreted (BAF~0.5-0.6). Excretion continued after the larvae were given original feed, such that after two days As concentrations in the larvae decreased by 65%, indicating that the arsenic was present inside the gut. Conversely, the YMW accumulated As, leading to increasing concentrations in the insect with increasing feed concentrations, but also an increasing BAF (1.4-2.6). This could indicate that YMW can excrete As, but that this mechanism has a limited capacity. With this species, provision of original feed for two days resulted in a concentration reduction of 17%, indicating that the majority of As was accumulated within the YMW tissue. Whether As is stored within a cell, or by extracellular coagulation is unknown [44] . From field studies it seems that invertebrate As levels depend more strongly on taxonomical differences than on exposure levels [17] . In the latter study Diptera and Orthoptera contained far lower levels than Odonata and Lepidoptera from the same location.
Another study, which determined As in the Mountain Pine beetle (Coleoptera), found approximately double the concentrations in the beetle and its larvae, compared to As concentrations in the phloem of its host plant [45] . Gongalsky, Chudnyavtseva [46] compared As concentrations in four Coleopterans from either As polluted areas or an unpolluted control site. They found elevated As concentrations in all beetle species from the polluted areas. The tenebrionid in that study had a 10-fold As concentration compared to the other species, which could be due to dietary differences. The difference in As accumulation and excretion found in this study for YMW and BSF seems consistent with patterns described for Coleoptera and Diptera in other studies.
Because BSF and YMW are expected to enter the European food and feed market, it is important to compare the relation between the ML in complete feed with the ML in feed materials for heavy metals and arsenic with respect to these insect species (Directive 2002/32/EC). The results of this study show clear differences between species and elements. For instance, the EC limit for As in complete feed (2 mg kg -1 ) is appropriate for the BSF, but YMW provided with feed at this limit surpass the EC limit for feed materials. On the other hand, the EC limit for Cd in complete feed is appropriate for YMW, whereas BSF fed at this maximum limit for Cd, result in a concentration exceeding the EC limit for Cd in feed materials. Conversely, the current EC maximum limit for Pb in complete feed resulted in BSF and YMW larvae below the ML for feed materials. Hence for lead, the current EC limits seem to be safe for both species. Given the different responses to heavy metals and arsenic in feed of these two insect species, the ML of these elements in complete feed need to be re-established, per insect order, or possibly insect species, when they are reared for use as feed materials. 
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